The atmospheric pressure Penning ionization was applied to the analysis of atmospheric-pressure ambient gaseous samples. The metastable rare gas atoms (Rg῏) were produced by a negative-mode corona discharge of reagent rare gas (Rg). The rare gas containing Rg῏ in the discharge cell flowed out into the ion source cell through a nozzle with an inner diameter of 1 mm as a jet stream. The jet stream acts as a gas-jet pump and the pressure of the ion source cell becomes somewhat lower than the atmospheric pressure. The sample gas at ambient atmospheric pressure was sucked into the reduced-pressure ion source cell through the stainless steel tube (10 cm in length, 1 mm in diameter). The sample gases introduced in the ion source cell are ionized by Penning ionization. This technique was found to be applicable to various gaseous samples such as aromatic compounds, oxygen-and nitrogen-containing compounds, etc. However, no ion signal could be detected for aliphatic hydrocarbons. This may be due to the much smaller ionization cross sections for these compounds than N2 and O2 molecules which are introduced into the ion source together with sample gases.
Introduction
Basic research on the Penning ionization reactions of long-lived metastable rare gas atoms (Rg῏) and the following fragmentation of the molecular ions has been pursued for the last two decades.
1)ῌ3) In 1993, Bertrand et al. developed the metastable atom bombardment (MAB) method. 4 )ῌ6) They applied Penning ionization at reduced pressure (ῌ5῎10 ῍4 Torr) for an "energytunable" rare gas metastable beam source generated by a corona discharge as an ionization source for mass spectrometry. The metastable rare gas atom (Rg῏) beam was produced external to the ion source by the direct current (dc) discharge of rare gas at a pressure of tens of mTorr and its excitation energy was controlled by the respective internal energy of Rg῏. This beam source was found to provide sensitivities of the same order as those obtained by electron ionization (EI). They further studied on the mass isotopomers abundance mass spectrometry of methyl palmitate and polychloroalkanes. 5 ), 6) Ionization methods that operate under atmospheric pressure, such as electrospray, and atmospheric-pressure chemical ionization (APCI) are now indispensable for measuring nonvolatile organic compounds, and they provide useful interfaces for liquid chromatography/mass spectrometry (LC/MS). These methods, however, have several disadvantages; less sensitive for less polar compounds (e.g., hydrocarbons and organometallic compounds) and a limitation in the use of solvent. Recently, a new LC/MS ionization method, dopant-assisted atmospheric pressure photoionization (APPI) has been developed. 7 )ῌ9) In dopant-assisted APPI, the ionization is initiated by 10-eV photons emitted by a krypton discharge lamp. A substance of favorable ionization energy called a dopant (e.g., toluene) is introduced into the vaporizer. 7) The initial reaction in APPI is the formation of a radical cation of the dopant by 10-eV photons. The dopant radical cations formed may then ionize the analyte through charge exchange. Alternatively, the dopant radical cation can ionize solvent molecules by proton transfer. The formation of a radical cation makes it possible to ionize nonpolar molecules such as aromatic compounds that cannot be e$ciently analyzed by electrospray ionization or APCI.
In 1984, Tsuchiya et al. first applied "atmosphericpressure" Penning ionization for the study of liquid ionization mass spectrometry. 10), 11) This method utilizes Ar῏ to ionize liquid films on the tip of a metal needle at atmospheric pressure. It is also applicable to the analysis of a mixture that contains nonvolatile, either polar or nonpolar, organic compounds.
In 2004, we made a study on the atmosphericpressure Penning ionization (APPeI) of gaseous organic compounds with Rg῏. 12), 13) The metastable rare gas atoms Rg῏ were generated by the negative-mode corona discharge of atmospheric-pressure Rg. By applying a high voltage (῍500 to ῍1,000 V) to the stainless steel capillary for the sample introduction (0.1 mm i.d., 0.3 mm o.d.), strong ion signals could be observed. The ions formed were sampled through an orifice into the vacuum and mass-analyzed by an orthogonal time-of-flight mass spectrometer. The APPeI was found to be readily applicable to alkanes which are di$cult to ionize by APPI because most of their ionization energies are higher than 10 eV. 14) The new source, termed DART (for "Direct Analysis in Real Time"), is based on the reactions of electronic or vibronic excited-state species with reagent molecules and polar or nonpolar analytes. That is, sample molecules are ionized mainly by Penning ionization. DART has been applied to the analysis of gases, liquids, and also solids. A unique application of this method is the direct detection of chemicals on surfaces without requiring sample preparation, such as wiping or solvent extraction.
In DART, the plasma-excited gas is sprayed over the sample in open air. Thus, only a part of the ionized molecules are sampled through a limited size of the ion sampling orifice of the mass spectrometer. This is the common limitation of the atmospheric pressure ionization (e.g., desorption electrospray ionization). 15) , 16) If the ionization of the samples is taken place in a confined space and the ionized gas was carried in a fine jet stream and sprayed directly to the ion sampling orifice of the mass spectrometer, the ion detection sensitivity would be much improved. In this work, some preliminary experiments were performed in which the ambient sample gas was sucked into the ionization cell and the ionized samples confined in a nozzle were sprayed directly to the ion sampling orifice of the mass spectrometer. Although this method is only applicable to the gaseous samples, the present method may be versatile to analyze ambient gas as a sni$ng technique using a long tube nose, e.g., the analysis of the gas samples contained in a box, bags, etc. without opening the package but only through a small hole.
Experimental
The schematic diagram of the ion source is shown in Fig. 1 Fig. 1 . All these three metal parts are electrically in contact, i.e., they are at the same electric potential. The reagent rare gas He or Ar flowed through the discharge cell with a flow rate of ῌ1 L/ min. The reagent gas was excited by applying a high negative voltage to the needle electrode to generate corona discharge. It was found that negative-mode corona discharge was much more stable than the positive-mode one. The activated rare gas (Rg) in the discharge cell flowed out through the nozzle with a velocity of ῌ20 m/s. This high flow rate of reagent gas acts as a kind of jet pump (i.e., gas-jet aspirator) and the pressure of the ion source becomes slightly lower than the atmospheric pressure. The ambient air outside the ion source was sucked into the ion source through the stainless steel tubing. About 10 cm long stainless steel tubing (1 mm i.d.) was connected to the ion source as shown in Fig. 1 . The rate of the gas flow sucked into the ion source was measured to be about 20῍25 mL/ min with the Rg flow rate of 1 L/min. That is, about 2῎ of the reagent Rg was mixed with the atmospheric pressure ambient gas. The cotton stick wetted by sample liquid was located about 5 mm apart from the inlet of the stainless steel tubing. The vaporized sample gas was sucked into the ion source and ionized there. This simple method for the sample gas introduction was found to be quite reproducible unless the vapor pressure of the liquid sample is too high. The quantitative measurement for the sample amounts introduced into the ion source cell was not made. Assuming that the air sucked into the ion source contains about 0.1῎ of analyte gas, the sample quantity introduced into the ion source was about 10 nmol/s. The ionized gas flowed out through the nozzle was sprayed toward the ion sampling orifice of the orthogonal time-of-flight (TOF) mass spectrometer, JEOL T. Iwama et al.
ῌ 228 ῌ AccuTOF (Akishima, Tokyo, Japan). Rare gases (He and Ar; reagent grade, 99.9999ῐ, Iwatani, Tokyo, Japan) were used without further purification.
Results and Discussion
The ion signal intensity was found to be quite dependent on the position of the tip of the needle for the corona discharge. Figure 2 shows the relationship between the position of the tip of the needle measured from the entrance edge of the stainless steel tube and the signal intensity of C 6 H 6 ῌῌ (arbitrary unit, a.u.) obtained for sni$ng Ar῎APPeI for benzene. When the tip of the needle was put inside the stainless steel metal tubing (positive values of distance), the signal intensity is not so sensitive to the position of the needle. As shown in Fig. 2 , the signal intensity increases steeply when the needle was recessed outward from the entrance edge (negative value of distance). The signal intensity reached at maximum at about ῎1 mm away from the entrance edge. The most brilliant glow discharge was observed at this distance. However, with further separation of the needle away from the entrance edge, the discharge becomes unstable and transition from corona discharge to arc discharge took place. The experiment was performed with the distance of about ῎1 mm from the entrance edge of the stainless steel tube. Figure 3 shows the relationship between the ion signal intensities of C 6 H 6 ῌῌ for benzene and the flow rate of the reagent Ar gas for sni$ng Ar῎APPeI. With increase in the Ar flow rate, the signal intensity increases, reaches the maximum at ῌ1 L/min, and decreases for higher flow rates. The initial increase of the signal intensity is understandable because the amount of gas sample sucked into the ion source increases with reagent gas flow rate as the e#ect of gas-jet pump increases with higher flow rate. The decrease in the ion signal with flow rates of ῏1 L/min may be due either to the dilution of the sample gas by too much reagent gas or to the formation of turbulent flow in front of the ion sampling orifice. Figure 4 shows the relationship between the negative voltage applied to the stainless steel needle and the signal intensity of C 6 H 6 ῌῌ obtained by sni$ng Ar῎ APPeI for benzene. The experiments were performed with various positive voltages applied to the ion source as the experimental parameter. The voltage applied to the ion sampling orifice of the mass spectrometer was ῍30 V. With the ion source voltage of 0.3 kV, the ion signal started to be observed with the needle voltage of ῎0.8 kV. The appearance of ion signals indicates the start of the corona discharge between the needle electrode and the discharge cell, i.e., the potential di#er-ence between the needle and the discharge cell is 0.3῎ Fig. 2 . Relationship between the signal intensity of C6H6 ῌῌ (in arbitrary unit, a.u.) and the distance between the tip of the stainless steel needle and the entrance of the stainless steel tube. The sample: benzene, reagent gas: Ar. The needle and ion source voltages are adjusted to obtain the maximum signal intensities. 
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῍ 229 ῍ (῍0.8)῎1.1 kV. With decrease in the needle voltage (more negative), the signal intensity increases, reaches at the maximum at ῍1.4 kV, and decreases with further decrease of the needle voltage. The decrease in ion intensity (more negative than ῍1.5 kV) is due to the instability of the discharge with larger potential drop between the needle and the discharge cell. With increase of the ion source voltage from 0.3 to 1.2 kV, the maximum signal intensities for C 6 H 6 ῌῌ were found to increase as shown in Fig. 4 . The reason for the increase in ion signal intensities with the ion source voltage is likely to the more favorable sampling e$ciency due to the higher potential di#erence between the ion source and the ion sampling orifice. The larger the potential di#erence between the ion source and the ion sampling orifice, the higher the drift velocity of ions, resulting in the higher ion sampling e$ciency. In Fig. 4 , the values of the voltage applied to the needle electrode that give maximum ion signal intensities are found to shift toward more negative values with more positive voltages applied to the ion source. This result is di$cult to understand because there must be some most appropriate potential di#erence between the needle electrode and the ion source for sustaining the stable corona discharge, and this value should be more or less independent on the potential di#erence between the ion source and the ion sampling orifice. Strangely, however, the potential di#erence between the needle and the discharge cell that gives the maximum ion intensity increases with increase in the voltage of the ion source. We conjecture that this phenomenon may be due to the space charge (mainly electrons produced by the corona discharge) build-up in the discharge cell and the space charge in the discharge cell becomes increasingly more favorable for the generation of high-density corona discharge plasma with increase of the potential di#er-ence between the ion source and the ion sampling orifice. The decrease in ion signal intensities at more negative needle voltage is due to the instability of the corona discharge at higher potential di#erence be- tween the needle and the ion source. Similar results were also obtained for the reagent gas of He as shown in Fig. 5 . Figure 6 shows the mass spectra for anisol (C 6 H 5 OCH 3 ) obtained by sni$ng He῏/Ar῏APPeI together with closed-system He῏/Ar῏APPeI. 12), 13) The measurement of closed-system APPeI mass spectra was performed by the method described in our previous papers.
12), 13) In this experiment, the analyte gas was introduced into the Penning ion source by using a gas chromatograph with the carrier gas of He. Because the ion source of closed-system APPeI is air-tight, it is contamination-free from air. The number shown on the ordinate in Fig. 6 
The absence of [MῌH] ῌ in sni$ng Ar῏APPeI in Fig. 6 indicates that reactions (1)῎(3) do not take place because the internal energy of Ar῏ ( 3 P 0 : 11.7 eV, 3 P 2 : 11.6 eV) is lower than the ionization potential of H 2 O.
In Fig. 6 for He῏APPeI and Ar῏APPeI, the appearance of ion with m/z 124 was observed. This ion is tentatively assigned to C 6 H 4 (OH)(OCH 3 )
ῌ . The formation mechanism for this ion is not well understood. One possible source for this ion may be ion/molecule reactions in which the internally excited C 6 
The reactions (4) and (5) proposed above are only speculative and further evidence should be obtained using similar class of compounds.
Although comprehensive experiments were not performed yet at the present stage, strong ion signals could be observed by the present sni$ng He῏APPeI and also Ar῏APPeI for gaseous aromatic compounds, oxygen-and nitrogen-containing compounds. To our surprise, however, aliphatic hydrocarbons (e.g., normal and branched pentanes, hexanes, octanes, fuel gas for a cigarette lighter, etc.) could barely be detected although these molecules can be readily detected by the closed-system Rg῏APPeI (Rg῏: He῏ and Ar῏) which was developed earlier in our laboratory. 12), 13) Figure 7 shows the closed-system He῏APPeI and sni$ng He῏ APPeI mass spectra measured for n-hexane. While molecular ion M ῌῌ and [M῍H] ῌ were observed as major ions in closed-system He῏APPeI, only protonhydrates H 3 O ῌ (H 2 O) n with n῎2῎10 could be detected by sni$ng He῏APPeI.
The absence of hexaneoriginated ions in sni$ng He῏APPeI mass spectrum may be explained as follows. In Fig. 1 , the sample gas sucked into the ion source is mainly composed of air. Thus, quenching of Rg῏ by air-constituent molecules must take place in the ion source. The total absence of ions originated from n-hexane in Fig. 7 strongly suggests that the ionization cross sections for n-hexane are much smaller than the quenching cross sections of Rg῏ by nitrogen and oxygen. If carbocations were formed from aliphatic hydrocarbons by sni$ng He῏APPeI, they must be observed under the present experimental O, alcohols, amines, and aromatic compounds is worthwhile noting. The highest occupied molecular orbitals (HOMOs) of the latter compounds are the most-exterior molecular orbitals, i.e., they determine the surface of the van der Waals interaction. Ohno et al. 17) confirmed that the electron densities of the van der Waals surface for individual molecular orbitals determine the cross sections for Penning ionization. The outermost molecular orbitals of hydrocarbons are mainly composed of those in which hydrogen 1s atomic orbitals are involved. The energy levels of these molecular orbitals are lower than those of HOMOs in which atomic orbitals of carbon atoms are mainly involved. In other words, HOMO is lessextended than the outer molecular orbitals whose energy levels are lower than that of HOMO. This may explain the much smaller Penning ionization cross sections for aliphatic hydrocarbons than those for other molecules whose most-exterior molecular orbitals correspond to HOMOs resulting in the high cross sections for Penning ionization.
In general, He῎ gave stronger ion signals than Ar῎ by a factor of 5 to 10 in sni$ng APPeI. This is reasonable because the number of molecular orbitals which can be ionized increases with the di#erence [E(Rg῎)ῌIP(M)] where E(Rg῎) is the excitation energy of Rg῎ and IP(M) is the ionization potential of M. 18) The fraction of "electronically" excited [M ῌῌ ]῎ must be largest in He῎ APPeI than in other Rg῎APPeI.
In the ion source shown in Fig. 1 , the electrons generated by corona discharge are carried away into the ion source cell. Thus, the sample molecules with positive electron a$nities can be readily detected by electron capture. 
Conclusion
A sni$ng APPeI (atmospheric-pressure Penning ionization) was developed. The metastable rare gas atoms (Rg῎) were produced by the negative-mode corona discharge. The plasma-excited rare gas with flow rate of 1 L/min flowed out into the ion source cell through a nozzle with an inner diameter of 1 mm. The pressure of the ion source cell becomes somewhat lower than the atmospheric pressure because the rapid gas stream acts as a gas jet pump (Bernoulli's law). The ambient sample gas at atmospheric pressure was sucked into the reduced-pressure ion source cell through the stainless steel tube (10 cm in length, 1 mm in diameter). The sample gases are ionized by Penning ionization. This method was found to be sensitive to aromatic compounds, oxygen-and nitrogen-containing molecules, etc. Although the present method is only applicable to gas samples, it will be a versatile technique to detect gases contained in a closed box or envelopes using a long tube nose. This kind of operation may not be feasible by DART because it is an open-air technique.
In general, the relative sensitivity of sni$ng He῎ APPeI is higher than Ar῎APPeI by a factor of 5 to 10. This may partly be due to the fact that the number of electron orbitals of the molecule M, which can be ionized, increases as the internal energy of Rg῎ increases and He῎ has the maximum ionization cross sections compared with other Rg῎.
It was found that aliphatic hydrocarbons gave no ion signals by the present sni$ng APPeI. This is a marked contrast to the fact that these compounds can be readily detected with high sensitivities by the closedsystem APPeI developed earlier in our laboratory. 12), 13) The Rg῎ must be largely quenched by the air introduced into the ion source. The highest-occupied molecular orbitals of aliphatic compounds do not correspond to van der Waals electron clouds. This may result in the ionization cross sections for aliphatic hydrocarbons much smaller than those for molecules that have the HOMOs as the most-exterior van der Waals electron clouds. This situation may be the same for DART because Penning ionization in open air is adopted. The closed-system Penning ionization is apparently superior for the analysis of aliphatic hydrocarbons to the sni$ng Rg῎APPeI and DART used in APPeI mode. 
